Effect of Cr content and microstructure on high temperature oxidation behavior of high nitrogen steels with 0.2-0.3 mass% of nitrogen has been investigated. For high temperature oxidation test 9-15%Cr high nitrogen steels are prepared. High temperature oxidation tests were carried out in air mainly at 800°C for 300 h at maximum. Weight gain was measured and oxide scales were observed using an optical microscope and analyzed with an electron probe X-ray microanalyzer. The addition of high nitrogen improved the oxidation resistance of 9-15%Cr high nitrogen steels. It was found that the oxidation resistance of the high nitrogen steels does not depend greatly on Cr content but on their microstructure. The oxidation resistance of high nitrogen ferritic heat-resistant steels increased as the fraction of martensite structure increased. These results indicate for high nitrogen steels Cr diffusion along grain boundaries is further promoted resulting in the formation of protective oxide scale having high Cr concentration.
Introduction
High nitrogen heat-resistant ferritic steels have created considerable interest in recent years for their application for future advanced fossil-fired thermal power plants because they have superior creep strength and oxidation resistance. [1] [2] [3] Knowledge of various properties of high nitrogen heat-resistant ferritic steels at high temperature is of considerable practical significance. Several investigations have been conducted on the creep strength and oxidation resistance of high nitrogen heat-resistant ferritic steels. Creep rupture strength of high nitrogen heat-resistant ferritic steels has been reported in a previous paper.
3 ) The group has reported that the creep rupture strength of high nitrogen ferritic steels is higher than that of the Gr.91. Moreover, previous research on the oxidation resistance of high nitrogen heat-resistant ferritic steel has demonstrated that the oxidation resistance of 9%Cr high nitrogen steel with about 0.168%N manufactured based on Gr.92 is superior to that of Gr.92 in the temperature range 600 to 750°C. 1) However, very little work is currently available in the published literature on the properties of high nitrogen heat-resistant ferritic steels at high temperature. Although the above report on oxidation resistance of high nitrogen steel has been covered the oxidation resistance of 9%Cr high nitrogen steel it is important to understand the effect of nitrogen on oxidation resistance of high nitrogen steels with about over 9%Cr because 9-12%Cr steels such as ASME grades 91, 92 and 122 have been used for the modern fossil-fired thermal power plants. 4) This work was carried out to evaluate the oxidation resistance of 9-15%Cr high nitrogen steels and to investigate the effect of Cr on oxidation resistance of high nitrogen steels using high nitrogen steels with 0.2-0.3% nitrogen, nitrogen-free steels and ASME grades 91 and 122.
Experimental
Throughout this paper the composition of specimen is expressed in mass percent. For high temperature oxidation test, high nitrogen 9%Cr steel (HN9), 12%Cr steels (HN11 and PN11) and 15%Cr steel (HN10) with about 0.3% nitrogen, and 12%Cr steel (JN11) with about 0.2% nitrogen are prepared. Nitrogen-free 9%Cr steels (FN9 and FN9C), nitrogen-free 15%Cr steel (FN10), 9%Cr martensitic commercial steel (ASME grade 91, hereafter called Gr.91) and 12%Cr martensitic commercial steel (ASME grade 122, hereafter called Gr.122) also are prepared for comparative materials. The chemical compositions of 9%Cr, 12%Cr and 15%Cr steels tested are shown in Tables 1,  5) 2 and 3 respectively. The difference of the compositions between 9%Cr and 15%Cr high nitrogen steel and 9% and 15%Cr nitrogen-free steels is only the amount of nitrogen. For 9%Cr steels tested, HN9, FN9C and Gr.91 fully consist of tempered martensite, while FN9 is composed of ferrite. For 12%Cr steels tested, HN11, PN11 and JN11 consist of dual phase of tempered martensite and ferrite while Gr.122 is fully composed of martensite. For 15%Cr ferritic steels tested HN10 and FN10 consisted of ferrite. The microstructures of 9%Cr steels, 12%Cr steels and 15%Cr steels observed by an optical microstructure are shown in Figs. 1 5) -3 respectively. Test materials except JN11 were machined out to the plates measuring 12 by 12 mm with 3 mm thickness. Test specimens of JN11 were cut into the plates having a size of 11 mm by 11 mm with 3 mm thickness. Then the specimens were polished using SiC paper (#600), and cleaned ultrasonically in acetone and dried in air at 40°C for 1 h in order to remove grease. This procedure adopted in this study was essentially the same as that described in previous study. 1) After that the test specimens were placed in alumina crucibles (95%Al 2 O 3 -5%SiO 2 ) and high temperature oxidation test were done in a muffle furnace. The test conditions were as follows: atmosphere; air, temperature; 800°C, and time; 30 to 300 h. Measurement of weight of specimens before and after tests was conducted and oxide scales were observed with an optical microscope (OM) and analyzed with an electron probe X-ray microanalyzer (EPMA).
Results and Discussion

High-temperature Oxidation Behavior
According to the test data of weight gain changes of 9%Cr steels at 800°C for 30 to 300 h as shown in the previous paper, 5) the weight gain of all steels increased as holding time increased. The weight gain of HN9 (high nitrogen steel) increased gradually with an increase in holding time whereas those of FN9 and FN9C (nitrogen-free steel) increased abruptly with increasing holding time. The weight gain of Gr.91 (commercial steel) showed a gradual increase and the degree of the weight gain change was relatively high compared to that of HN9. From these results it is revealed that the addition of high nitrogen to 9%Cr steels attributes high temperature oxidation resistance of them to be enhanced considerably.
The weight gain changes of 12%Cr steels at 800°C for 30 to 300 h are given in Fig. 4 . The weight gain of all Table 1 . Chemical compositions of test materilas (9%Cr steels). Table 2 . Chemical compositions of test materilas (12%Cr steels). Table 3 . Chemical compositions of test materilas (15%Cr steels). 12%Cr steels also increased with an increase in time. After oxidation test at 800°C for 300 h the value of the weight gain was small in the order HN11 (high nitrogen steel with about 0.3% nitrogen), Gr.122 (commercial steel), JN11 (high nitrogen steel with about 0.2% nitrogen), PN11 (high nitrogen steel with about 0.3% nitrogen). This finding indicates that the oxidation resistance of 12%Cr ferritic steels is not improved as greatly as that of 9%Cr steels by adding high nitrogen. Notwithstanding HN11 and PN11 having basically similar chemical compositions the oxidation resistance of PN11 was lower than HN11 over the whole time range measured. From this it is conjectured that other factor with high nitrogen affects the oxidation resistance of high nitrogen ferritic steels. For 15%Cr steels the weight gain of both steels, shown in Fig. 5 , increased with an increasing time. The weight gain of HN10 (high nitrogen steel) was lower than that of FN10 (nitrogen-free steel) at 800°C. From this, it can be stated that for 15%Cr steels the addition of high nitrogen is effective for improving oxidation resistance of those.
From above results, it may be concluded that oxidation resistance of 9-15%Cr steels is improved by the addition of high nitrogen, and other factors except high nitrogen add an effect to the improvement of oxidation resistance of high nitrogen steels.
Characteristics of the Oxide Scale
To investigate the feature of the oxide scale formed on high nitrogen steels at early stage of the oxidation observation of the surface of HN9 (9%Cr high nitrogen steel composed of martensite) and HN10 (15%Cr high nitrogen steel composed of ferrite) were carried out. Figure 6 shows the features of the oxide surface of HN9 and HN10 oxidized at 700°C for 0.5 h. The oxide scale of HN9 which was also shown in previous paper 5) in comparison with FN9C (nitrogen-free martensitic structure) was largely composed of granular oxides and flakey oxides. The observation of the scale surface reveled the size of granular oxides was smaller than that of flaky oxides. In contrast, the oxide scale of HN10 consisted of granular oxides and columnar crystals. The size of columnar crystals was conspicuously larger than that of granular oxides. These observations suggest that the process of oxidation is significantly different between 9%Cr high nitrogen steel and 15%Cr high nitrogen steel. Figure 7 shows element distributions on the oxide scale surface of HN9 (9%Cr high nitrogen steel composed of martensite) 5) and HN10 (15%Cr high nitrogen steel composed of ferrite) oxidized at 700°C for 0.5 h. The Cr concentration of the surface of HN9 was lower than that of HN10, and the Fe concentration of HN9 was higher than that of HN10. This is considered to be due to the difference of Cr content in steels. The flaky oxides observed in HN9 were mainly composed of Fe, V and O whereas the columnar crystals observed in HN10 consisted mostly of V. Fe and O also were observed in the columnar crystals formed on the surface of HN10 however the Fe and O concentration in the columnar crystals of HN10 was lower than those in the flaky oxides of HN9. From this it would be appeared that columnar crystals precipitated during the oxidation test, and some parts of the crystals oxidized.
As shown in the previous paper 5) the cross-sectional microstructure of oxide scale formed on 9%Cr steels after the oxidation test at 800°C for 300 h in air. For 9%Cr steels the oxide scale thickness of HN9 (high nitrogen steel) was thinner than those of other steels. The oxide scale of HN9 was composed of one layer structure while the oxide scales of other steels consisted of two layer structure of inner layer and outer layer. In the case of 12%Cr steels the oxide scales of HN11 (high nitrogen steel) and Gr.122 (commercial steel) shown in Fig. 8 were noticeably thin, and the thickness was smaller than that of PN11 (high nitrogen steel) and JN11 (high nitrogen steel). In addition the oxide scales of all steel consisted of one layer structure. The cross-sectional microstructures of oxide scale of 15%Cr ferritic steels are shown in Fig. 9 . The oxide scale thickness of HN10 (high nitrogen steel) was thinner than that of FN10 (nitrogen-free steel). The oxidation scale formed on both steels showed an appearance of one layer structure. From the observation of oxide scales of 9-15%Cr steel, it can be stated that high nitrogen improve the oxidation resistance of them. Figure 10 shows element distributions in the oxide scale of 9% Cr steels heated at 800°C for 300 h in air. In this figure element mappings of Cr, Fe and O, and CP image were also shown in the previous paper 5) but those were shown here in relation to the distribution of V. The oxide scale of all steels mainly consisted of Fe and Cr. However the Cr concentration of HN9 (high nitrogen steel) was extremely higher than those of other 9%Cr steels. These findings indicates that for high nitrogen steel protective oxide scale involving high Cr is formed more easily than the steels without high nitrogen. For 12% Cr steels the oxide scales shown in Fig. 11 were composed of Fe and Cr. In the case of HN11 (high nitrogen steel) and Gr.122 (com- mercial steel), high concentration of Fe was not observed, but for PN11 (high nitrogen steel) and JN11 (high nitrogen steel) relatively high concentration of Fe was observed. These observations suggest that several factors except high nitrogen affect the oxide formation. For 15%Cr steels the oxide scales of both steels consisted of Fe and Cr as shown in Fig. 12 . For HN10 (high nitrogen steel) Cr enriched at the interface between the scale and the metal and Fe existed over the whole oxide scale. In contrast for FN10 Cr and Fe existed over the whole oxide scale. Some of Cr enriched at the interface between the scale and the metal in the oxide scale of FN10 however the Cr concentration was lower than that of HN10. At early stage of oxidation enriched V formed on HN10 were observed as columnar crystals (assumed to be vanadium nitride) as shown in Fig. 7 , but after long time exposure V was observed at the interface between the scale and the metal. It is conjectured that V are covered with Cr and Fe oxide after long time exposure. From the above results it can be stated for high nitrogen steels Cr-rich oxide scale is formed more easily than nitrogen-free steels. This Cr-rich oxide scale lowers the oxidation rate resulting in improvement of oxidation resistance of high nitrogen steels.
Effect of Cr Content on High Temperature Oxida-
tion Resistance Generally the oxidation resistance of ferritic steels depends on the Cr content.
6) The oxidation resistance of ferritic steels increases with an increase in Cr content of the steels. Then using obtained data of weight gain after oxidation at 800°C for 100 h and 300 h, the weight gain of tested steels is plotted against Cr content in Fig. 13 . For nitrogen-free steels and commercial steels the weight gain decreased as the Cr content increased. In contrast the weight gain of high nitrogen steels increases with increasing Cr content. While nitrogen-free steels and commercial steels showed the same behavior as conventional ferritic steels show 6) high nitrogen steels showed different behavior. It suggests that other factors except Cr content have an effect on the oxidation resistance of high nitrogen steels.
Effect of Microstructure on High Temperature
Oxidation Resistance As a factor affecting the oxidation resistance microstructure of steels is proposed. For 9-15%Cr high nitrogen ferritic steels tested in this study the phase fraction of martensite in the microstructure is different: 9%Cr steel (HN9) consists of martensite, 12%Cr steels (HN11, PN11 and JN11) are composed of dual phase of martensite and ferrite, and 15%Cr steel (HN10) consists of single phase of ferrite. As shown in Fig. 14 the oxidation resistance of high nitrogen steels can be related to the microstructure. Then the weight gain of HN9, HN11 and HN10 which were manufactured in the same way is plotted against the fraction of ferrite microstructure of them in Fig. 14 . The values of weight gain plotted were obtained after oxidation tests at 800°C for 100 h and 300 h. The weight gain of high nitrogen steels increased as the fraction of ferrite increased for both time. From this figure it may be concluded that the oxidation resistance of high nitrogen steels have the phase fraction dependence of ferrite in the microstructure. The above dependence seen in high nitrogen steels can be explained by the rate of diffusion of Cr. Cr diffusion rate is different between in lattice and along grain boundary: Cr diffuses faster along grain boundary than in lattice. 7) Martensitic structure has a lot of defects such as prior austenite grain boundary, packet, block and martensite lath boundary which act as diffusion paths. For HN9 having high fraction or single phase of martensite it can be easier for Cr forming protective scale to diffuse compared to HN10 of which the main constituent is ferrite. This idea is supported by the fact that Cr concentration in the oxide scale of HN9 and HN11 is higher than that of HN10 as shown in Figs. 10, 11 and 12. It is proposed that oxidation resistance of high nitrogen steels is greatly improved by increasing the phase fraction of martensite in the microstructure of steels. Moreover the effect of microstructure on oxidation resistance of nitrogen-free steels and commercial steels is not seen even if FN9C (nitrogen-free 9%Cr steel composed of single phase of martensite) is compared with FN10 (nitrogen-free 15%Cr steel composed of single phase of ferrite). Therefore it can be stated that the promotion of Cr diffusion is more effective in high nitrogen steels than in nitrogen-free steels.
Conclusions
Effect of Cr content and microstructure on high temperature oxidation behavior of high nitrogen steels with about 0.2-0.3 mass% nitrogen has been investigated mainly at the condition of 800°C for 300 h at maximum comparing with nitrogen-free steels and commercial steels. The main results obtained are shown below.
(1) Weight gain of 9%Cr and 15%Cr high nitrogen steels was smaller than that of nitrogen-free steels and commercial steel. In the case of 12%Cr steels, a high nitrogen steel showed better oxidation resistance than commercial steel however high temperature oxidation resistance of some of high nitrogen steels is not superior to commercial steel. This discrepancy is attributed to the difference of microstructure between high nitrogen steels and commercial steel. Under same microstructure of steels the addition of high nitrogen to 9-15%Cr heat-resistant steels greatly improves the high temperature oxidation resistance of those.
(2) In the oxide scales of high nitrogen steels Cr-rich oxide scales was formed resulting in the suppression of oxidation reaction. Thus high nitrogen steels shows excellent high temperature oxidation resistance.
(3) For nitrogen-free steels and commercial steels the oxidation resistance depended on the Cr content of the steels as seen in conventional steels whereas for high nitrogen steels the oxidation resistance did not show a positive Cr content dependence. It can be stated that other factors add an effect of the oxidation resistance of high nitrogen steels.
(4) It was found that the oxidation resistance of the high nitrogen steels depends on their microstructure. The oxidation resistance of high nitrogen ferritic heat-resistant steels increased as the fraction of martensitic structure increased. It can be proposed that for high nitrogen steels Cr diffusion along grain boundaries is further promoted resulting in the formation of protective oxide scale having high Cr concentration and the promotion of Cr diffusion rate is more effective in high nitrogen steels. Fig. 13 . Effect of Cr content on weight gain of ferritic steels after oxidation at 800°C for 100 h and 300 h in air.
Fig. 14. Effect of phase fraction of ferrite in microstructure on the weight gain of high nitrogen ferritic steels after oxidation at 800°C for 100 h and 300 h in air.
